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Final Report

RADIATION EFTECTS ON IR DETE~CTORS

INTRODUCTION

The minority carrier “trapping” which appears in some HgCd~ e detectors at low
backgrounds and, low temperatures is of great practical importance. The
trapping mechanism, although not completely understood, is known to interact
in a significant way with the device surface potential . Low energy ionizing

) rad.iation also affects device surface potentials, and thus may have important
effects on trapping mode detectors. The purpose of this work is to Thrther
investigate the minority carrier trapping mechanism in HgCd..Te photoconductors,

and. in particular to determine the effects of ionizing radiation on these
devices.

~~i_~
Cd
~
Te is a ter~~ry semiconductor (for x >  o.i~~~~). Its ban~~ap may be

adjusted by changing the relative proportions of H~ and. Cd. The detectors
studied here are o±~ two compositions, one providing a cutof!~ wavelcrL~th at
about i~.5 tim, the other at about 12.0 mt . The ~~terial used in both ca~cs 13

extrinsic, n—type, and has a norainal electron concentration of lO~~ cm~~. A3

photoconductors, the devices are ‘intrinsic ’ in thc sense ~ i~~~t the optical
excitation is ~aand-to-band.

At high temperatures or with large optical background fluxes incident, the

photoconductivity observed in HgCdTe is similar to that erpected from Ge o~’ Si.
Both carriers are mobile, and minority carrier sweepout is observed [References
1 through 3]. The excess majority and minority carrier lifetimes are about

~1] R. L, Williams. B. H. Breazeale, and ~. G. Roberts, “Sweepout of Minority
Carriers in Hg1_~ Cd~ Te , ” Proc. of the Third m t .  Conf, on Photocond.uc-£ tivit~r , H .  1. ~~l1. ed. (~~cford, l-er~an cn  Press , Inc., 1971) 237-2t~2

(2] S. P. Ernmons and ~~. L. Ashley,. ftLnority Carrier Sweepout in 0.09 eV
HgCdTe , ” App. Phys . Lotters~ Vol. EQ,, 1~2-l61~. (1972)

3)  M. R. Johnson, “ Sweepout Effects in Hgi_xCd~Te, Photoconductors,” J. App.
~~~~~ ~±~ J 3090-3093 (July l~72)
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lO~~ eec, and a band-to-band or Shockley-Read recombinatiou process is
ind.icated, The factors which control background-limited detectivity in photo-
conductors of this t~,pe are well known [References ~ and 5 J and have been
specifically applied to HgCdTe [Ref erence 6 ] .  However, HgCd~e, when function-
ing with two mobile carriers, is not a candidate for sensitive low-background
applications. The argument leading to this conclusion can be summarized
briefly as follows:

To obtain background-limited detectivity, the background-induced generation-
recombinatiori noise must exceed the detector Johnson-Nyq,uist noise. Both
depend on the majority carrier concentration, but the one inversely and the
other inversely as the square root. Thus, to improve the ratio, the majority
carrier concentration must be decreased. Since the g-r noise is also propor-
tional to the photoconductive gain, the ratio might also be increased by
increasing the photoconductive gain. But the gain is limited by minority
carrier sweepout, and saturates when the sweepout time becomes less than the
majority carrier time constant. Nothing can be done about that as long as
both carriers are mobile. Thus, ‘with two mobile carriers, the detectivity can
be improved only by reducing the majority carrier concentratione A comparison
of the ma~ iitudes of the generation-recombination noise and the Johnson-
I~yquist noise shows very quickly, however, that to obtain background-limited
operation with backgrounds below 1015 photons cm 2 sec 1 and two mobile
carriers, the majority carrier density in HgCd~e would have to be reduced
correspondingly. But a reduction of . more than a factor of 10 in majority
carrier density is unlikely.

However, at low detector temperatures and with low incident backgrounds, the

[k] E. R. Rittner, “Pfl.ectron Processes in Photoconductors,” Photoconductivj ty
Confçrence, R. G. Breckenridge, ed. , (John Wiley & Sons, Inc., New York,
195k) 215—268

[5] N. Nisenoff and H. Y. Thn, “Photoconductivity in Uniform Germanium ”
Purdue University l~ partment of Physics (unpublished) (June 30, 1952)

[6] R, L, Williaana, “Sensitivity Limits of 0.1 eV Intrinsic Photoconductors,”
Infrared Physics, Vol. ~, 337 (1969) a -

2

iL:
. — -—— 

- - ~1
—~~~~~ __________ -



rip - -

mode of operation of HgCd~e photoconductors shifts [References 7 through 13].
At these low backgrounds, minority carriers a~’e immobilized.

* Minority carrier
sweepout no longer occurs and thus no longer limits the attainable photocon-
ductive gain. The photoconductive gain is now controlled by the excess
majority carrier lifetime, which may increase from about l0~~ sec to times as
long as a few seconds • These changes produce dramatic increases in respon-
sivity, g-r noise, and thus d.etectivity, which In turn permit background-
limited operation with incident background intensities in the range of 1010 to
15 , 210 ph/cm sec.

Minority carrier trapping permits these large increases in detectivity by

producing an increase in the detector time constant in lieu of the decrease
in majority carrier concentration which would be required to produce an equal
detectivity if both carriers were mobile. This “exchange” is essential to

the successful practical application of HgCdTe detectors with realistically
obtainable majority carrier densities in the presence of low background
radiation intensities. The behaviour of the critically inportant photocon-
ductive time constant is the most obvious measure of trapping mode behavior.

t7] C. G. Roberts, et al., “Cold Background. Performance of 0.1 eV Bandgap
HgCdTe Detectors,” Minutes of A3~’1DA Detector Meeting, 28~I1.7 (Apr 1970)

[8] ~. Koebler and J. Schliclcman, “Characteristics of HgCclTe Intrinsic Photo-
conductors Under Low Background Conditions,” Minutes of A~~D(t Detector
Meeting, 86-105 (Apr 1970)

[ 9]  S. R . Hawkins, et al., “Results of Recent Measurements on &trinsic Ge
and. HgCdTe Detectors Under Low Background Conditions,” Minutes of ABMDA
Detector Meeting, 137-176 (Apr 1970) -

[10)R. B. Horst, et al., “Characterization of Trapping Mechanisms in Mid and
Far IR Hg1_~Cd~Te Detectors,” Proc. of the Detector Specialty Group Meet.,
IRIS, 217-2k8 (l971)

[ll ]A. F. Milton, “The Influence of Spatial Variations in the Minority Carrier
Density on the Photoconductive Gain ~kthancement Caused by Minority Carrier
Thapping, ” Proc. of the Detector Specialty Group Meet ., IRIS, 219-27k (1971)

(].2]M. B. Reine, et al., “Intrinsic (Hg,Cd) Te Photodetectors,” Proc. of t~~
Detector Specialty Group Meet., IRIS, 399 (1971)

[l3]M. R. Johnson, et al, “Short Wavelength HgCdTe Detectors, ” Proc. of the
Detector Specialty Group Meet., IRIS (1972)

*Strictly speaking, the mechanism involves a long-lived recombination center
and. not a trap. Having noted the distinction, the center will be referred
to as a trap, which is the more common generic term.

3
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Time Constant Dependence on Intensity

In trapping mode operation, the HgCdTe photoconductive detector time constant
(i.e., the excess majority carrier lifetime) not only becomes large, but also
becomes dependent on the incident radiation intensity. Small signal respon-
sivity measurements taken as a ft~nction of frequency with incident background
as a parameter produce curves such as those shown in Figure 1.

4’Bl

H
~
‘B1 <4’B2 <

~~B3

LOGI

Figure 1. Form of small signal responsivity variation with frequency
for different background intensities for HgCdTe detectors
under low temperature, low background intensity conditions

In the high frequency rolloff region the responsivity is (almost completely )
independent of the background intensity. However, as the background decreases,
the 3 db rolloff frequency decreases, and the low frequency responsivity
increases. These changes are selfcorisistent, and predict a small signal life-
time dependence on background given by

Tn = (i)

4.
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where T is the excess majority carrier (electron) lifetime, 0B is the

incident photon flux density, and k and a are constants.

The value of a in Eq. (1) is constant for a given detector, but varies some-

what from detector to detector. Values of appro~d.mately 0.5 are observed for

12 ~im cutoff detectors, and 0.7 for 4..~ g.im cutoff detectors. This power law
background dependence has been observed in all detectors which show good. low

background. performance, and for individual detectors the functional dependence
has been shown to persist over a range of background fluxes extending more
than four orders of magnitude [Reference 14.].

In some cases the frequency response data rolls off more softly than would be

) expected if a single time constant were dominating the recombination process.

The resulting ambiguity in the 3 db tizne-consta.nt is not so severe as to

prevent determination of background dependence, but does indicate that an
adequate model of the trapping behaviour should include the possible operation

of multiple time constants.

Mechanisms for an Intensity Dependent Time Constant

The central problem in modeling the trapping mechanism in HgCdTe photocon-
ductors is the development of a physical description of the trapping process

which predicts a dependence of the time constant on background. raised to a

power between -~~ and -1, and which is consistent with the other experimental
- - data. A brief description of the suggestions which have been made will help

place the present work in context.

A variation of time constant with intensity given by T = k/Ø’~ can be expected
if the recombination is bimolecular and if the majority carrier density is

* - . determined by the incident radiation. The present case is not of this type

since the HgCd.Te majori ty carrier density is too large to be influenced by
the radiation intensities used (an observation born out by the constancy of

a
tl4.]~etector Test Program Final Report, Vol. I, Contract ~o4.7Ol-7o-C-o227
(Space and. Missile Systems Organization) Lockheed. Missiles & Space Co.,
LMSC-B303910 (Aug. 1972)
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the device resistance through very -large changes in detector time constant).
This mechanism is also inconsistent with the disappearance of minority carrier
sweepout, which implies minority carrier trapping.

Minority carrier trapping resulting in increased excess majority carrier
lifetime is frequently observed in Il-VI and. Ill-V compounds, is occasionally

observed in silicon and germanium, and is usually attributed to the presence
of a sensitizing center, e.g., a double acceptor in n-type material

[R eierence 15].

A doubly negative center can readily capture a hole. After doing so, an
electron can in turn be captured, but since the center still has a negative
charge, the probability of its doing so is small. The electron lifetime for

such a capture will therefore be long (seconds). The center, when occupied

by one hole, is thus a long-livedrecombination center for electrons. If a

second hole is captured by the center, it becomes neutral and. can rapidly
capture an electron, again quickly becoming a repulsive, long-lived recom-
bination center f or electrons.

A sensitizing center of this type produces a dependence of time constant on

background given by T~~ = k/Ø, and. thus is not adequate, by itself, to explain

a time constant dependence on background to a fractional power. This mecha-

nism does however produce the very long lifetimes observed in HgCdTe, and.
most attempts to model the HgCdTe trapping mechanism have been attempts to
perturb the simple sensitizing center to produce the required fractional

power background. dependence.

It has been suggested for example that non-uniform absorption of the incident
light might provide the required perturbation [Reference 11].

The light used for most experiments on HgCdTe is highly absorbed, placing a
greater density of hole-electron pairs near the f ront of the detector than at
_ _ _ _ _ _ _  

a

[15 ]A. F. Sklensky and R. H. Bube, “Photoelectronic Properties of Zinc
Impurity in Silicon,” Phys. Rev. B., Vol. 6, No. 11., 1328-1366 (15 Aug 1972)
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the back . If , in addition , the distribution of sensitizing centers is
uniform and the hole mean free path prior to localization is short , it would
be expected that the centers near the front of the detector would be saturated

at a lower incident background intensity than those at the back, and a change

in the exponent of the power law variation might result. However, experiments

have shown (Reference 14.] that penetrating radiation produces the same power

law variation given in Eq. (1) with only a change in the value of the constant

k. The minority carrier diffusion length is apparently sufficiently long to

distribute the optically generated carriers f rom the front of the crystal to

the back.

It has also been suggested that local variations in the density or capture
cross sections of the sensitizing centers might change the exponent in the

power law variation. Local variations in defect density and type, and varia-

tions in composition, are to be expected in a complex ternary semiconductor
such as HgCd~e, and evidence indicating local variations in lifetime and

quantum efficiency confirm the presence of material variations [Reference 14.].

These do not, however, appear large enough or consistent enough to explain the

lifetime dependence. The reported power law is obtained consistently from

detector to detector and wafer to wafer. Further, the value of a remains

constant in given detectors for intensity variations spanning nearly five

orders of magnitude. That kind of regularity is particularly difficult to

attribute to material irregularities.

Rose has shown [Reference 16] that the simple sensitizing center model can be

modified to yield a power law dependence of the time constant on flux with an

expcnent between -
~~ and -l if the density of the sensitizing centers is dis-

tributed. exponentially in energy within the bandgap. Beck [Reference 17] and.

Broudy and Beck [Reference 18] have applied this idea to HgCdTe detectors in

[16JA. Rose, “An Outline of Photoconductive Processes,” RCA Rev. 363 (1951)
[l7]J. D. Beck, “Effects of Temperature and Background Photon flux on the

Photoconductive Response Time in (Hg,Cd)Te,” S.M. Thesis, Dept. of Elect.
Eng., ~~T, Cambridge (May 1972)

[18]R. M. ~roudy and. J. D. Beck, “Trapping Photoconductivity in (Hg ,Cd)Te,”
Proc. IRIS Detector Specialty Group Meet., Washington, DC (i~ay 1973)
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- - : some detail. In their results, the fractional exponent to which the back-
ground. flux is raised to obtain the time constant is a function of device
temperature. J~ ta reported in this work however indicate that the exponent
observed is not temperature dependent.

Finally, it has been suggested that the interaction of the surface potential
with a hulk sensitizing center may yield a model with the appropriate back-
ground dependence. A simple modification of the surface state density or
distribution is not likely to be adequate because of poor coninunication
between the surface and the bulk. If , however , the dominant time constant is
set by the relative positions of the trap ener~ ’ and. fermi level in the surface
potential region, then the background may be only fractionally effective.
The surface potential has been shown to affect the device responsivity
[References 19 and 20] and hence its time constant. It is the purpose of this
work to obtain further information on the effects of surface potential on
detector parameters, and on tht consequences of irradiating these devices
with ionizing radiation.

[l9]A. F. Tasch , et al., “Field-Effect Measurements on the HgCdTe Surface , ”
J App. Phys., ~~, 142O2-~~O4. (Sept. 1970)

[20]A. A. Pellegrino, “Surface Related Effects in (Hg,cd)Te,” S.M. Thesis,
Dept. of Elec. Eng., NIT, Cambridge (May 1974.)
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EXE’ERIME~TAL PROCEDURE

Test Devices

The device configuration chosen to study the surface properties and detector
performance of trapping mode detectors is shown in Figure 2. The entire

configuration is fabricated on one die taken from a wafer which pr-Dduced

other trapping mode detectors. Each die, in effect, consists of thr~.e detec-
tors: the field modulated detector AB (an MIS device with a semitransparent
gate), a ZnS covered. detector d-e, and. an uncoated detector e-f. The

surfaces of the three devices all received the same surface treatment. In
fact the same surface treatment is given to all devices regardless of alloy

composition. Since these detectors are not normally coated with ZnS, detector

e-f is in effect the experiment control detector. Detector d-e will show

whether or not a ZnS coating affects detector performance. Finally detector

AB (or b-c) is used for surface state studies. This 1415 device has a nominal

capacitance of about 20 pF. The Au field plate is sufficiently thin so that
about 10% of 3 pm radiation can reach the detector. The underlying HgCdTe is
approximately 18 pm thick.

Four device arrays with the configuration shown in Figure 2 were purchased
from Carson-Alexiou Detection Science Inc. (formerly A. D. Little Detection

Sciences). Two arrays had. an alloy composition resulting in an energy gap of

0.3 eV while the other two arrays had. an alloy composition yielding devices

with 0.1 eV energy gap. ]~ ta, however, could only be obtained on one array
of each composition. The MIS devices on the other two arrays had. such high

leakages that data could. not be obtained. All the detectors on the two

usable arrays displayed trapping mode behavior at appropriate backgrounds

and temperatures. 
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Figure 2. HgCdTe detector and MIS configuration
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Detector Characterization

The detector parameters of most concern to this program are : voltage respon-
sivity vs. frequency, and noise spectral density vs. frequency measured at low
temperatures and low optical backgrounds. The temperature dependence of
responsivity and optical background dependence of majority carrier lifetime
are also of interest. The apparatus used to obtain these data is shown in

• Figures 3 and 4..

Figure 3 shows in detail the low optical background detector chamber used in
this study. This dark chamber is fastened to the cold plate of a “Cryoflask”
dewar. The optical background in the dark chamber (once cooled to low tern-
pcratu.re) is determined by the transmission of the bandpass filter, a neutral
density filter, the size of the cooled aperture, and the external tempera-
ture seen by the detector. The background could. easily be varied from
loll ph/cxn2 sec to io13 ph/cm2 sec with the ambient 300° K background as the

• 
. 16 2 -radiation source. Backgrounds in excess of 10 ph/cm sec could be obtained

using the blackbody as a radiation source. The bandpass filter used in this
study transmitted from 3.1 to 4.0 pm.

Figure 4. schematically shows the detector test apparatus. In the measurement
of responsivity the detector is exposed to a small (compared to the background
flux density) modulated optical signal from the blackbody (T = 500° K). The
magnitude of this signal is computed from the measured characteristics of the
bandpass filter, the temperature of the blackbody, the blackbody aperture
sizq and the blackbody-to-detector spacing. The time varying voltage

developed across the biased detector as a result of excitation by the
modulated. optical signal is amplified by a low-noise preamp (PAR Mod. 118)
and. the voltage syochronously detected by the lock-in amplifier (PAR Mod.
124.A). The lock-in output is either read. with a digital voltmeter or re-
corded on a strip chart recorder. This initial measurement is made at a
convenient low frequency, generally 100 Hz. Subsequently the b].ackbody
radiation source is removed~, and. radiation from an InAs diode emitter is used

11
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as the signal source. The emitter drive is adjusted so that the detector
output is lower than that obtained from the blackbody source at the same
frequency. Using the lock-in in the internal mode, and the lock-in reference

out signal as the frequency source for the emitter d.rive~ the responsivity as
a fu nction of frequency is easily obtained from about 5 Hz to several
kilohertz.

The noise spectral density is measured. using the same bias circuit, preamp ,

H and lock-in amplifier as was used for responsivity measurements. The lock-in

is operated in the internal reference mode and the measurement frequency is
determined by the chosen lock-in detection frequency. The electrical band-
pass of the system is determined by the time constant used. in the output

stage of the lock-in. The bandpass was � 1.25 Hz. The lock-in output is
fed into a multichannel analyzer (MCA) operated in the sampled voltage

analysis mode. In this mode of operation the MCA samples those voltage

amplitudes which are present in the signal and determines how much time is

spent at each amplitude. The result is, in effect , an amplitude probability
histogram of the input signal . In this study the noise is Gaussiar~ and, thus
the rms value of the noise is obtained from the standard deviation of the
probability distribution. (The system is ac coupled resulting in a zero mean
distribution.) The H~’ calculator which is interfaced with the MCA computes
a best fit Gaussian curve to the data, and then computes the standard devia-
tion of the data. The computed. Gaussian best fit is superposed on the data

to verify that the data is, indeed, Gaussian and, that no extraneous noise

sources (e.g., 60 Hz pick-up) were present . The measurement frequency is
determined. by the lock-in frequency settings. The rins noise derived. from

the standard deviation of the distribution when divided by the square root of
the system bandpass then yields the “noise per root hertz” at the frequency

of measurement. The noise spectral density curves are generated by
following the above procedure for each measurement frequency.

The background dependence of the majority carrier lifetime was determined.
using the responsivity test setup. As is well known, the responsivity at
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sufficiently low frequencies is directly proportional to the majority life—

time . Thus , the dependence of lifetime on background can be obtained from a
measurement of the small signal detector voltage output vs. background.
(as long as the detector resistance remains constant) . Determination of
the deminant lifetime in the detector will be discussed later.

Capacitance Measurements

The capacitance voltage characteristic of the MIS structure will be used to
determine both the surface state density and surface potential vs. gate

voltage on HgCdTe. In this section we describe only the apparatus, leaving

the discussion of analysis to a later section.

The low frequency (5 Hz to 10 kHz) capacitance measurement apparatus is
illustrated schematically in Figure 5 a. A small ac signal derived. from the
lock-in reference output is applied to the MIS device . The ac current through

• • the device is then measured by using a current mode preamp in conjunction with
the lock-in amplifier. The current in phase with the input signal is pro-
portional to the conductance of the device , while the 90” out ’of phase com-
ponent is proportional to wC where C is the device capacitance and ~ = 2i~f.
Provision is made to simultaneously apply a dc voltage to the I{tS device.
Figure 5 b shows the biasing circuit used. The unity gain summing amplifier
has a bandwidth of 1 MHz. The dc voltage is derived from a motor driven
potentiometer. With the sample in the dewar, capacitance resolution of

about 0.05 pF can be obtained at 5 Hz. This resolution limit is imposed by
noise on the signal at low frequencies. Better resolution can be obtained
at higher frequencies. The system was calibrated against a 10 pF standard

air gap capacitor. Repeatability was better than 0.5% and. was limited by
how accurately the input signal could be set .

Early measurements showed that the test signal had to be less than 5 mV rms
in order to avoid non-linear effects in the MIS structure. All low-frequency

• . measuren ents reported here ~~re made with 2 mV rms test signals. In general,
the lock-in output is fed into the Y axis of an X-Y reco rder while the ramp

• 
- 
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voltage is fed into the X axis, giving a continuous measurement of capaci-

- tance vs. voltage. However, at low fr equencies, because of the long integra-
tion times used (—. 4. m m ) , point’-by-point data were taken.

L 
High -fre quency (i MHz ) capacitance data were obtained with a Boonton Model

- 75A-S8 capacitance bridge. A 2.5 mV rms test signal was also used in these
- measurements.

~
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EXPERIMEINTAL RESULTS

Surface Potential Variation

Capacitance vs. Voltage

The simple MIS structure is an effective tool for measurement and variation
of surface potential. The semiconductor surface potential is controlled by

the gate electrode potential, Vg~ through the relation:

Vg + c1
S + (2)

where Q~(~~) is the total semiconductor bulk space charge and surface charge

at a surface potential of and. C~, is the insulator capacitance. The offset

voltage, V0ff~ may be due to a combination of metal-semiconductor work func-
tion difference and fixed., trapped. charge at the semiconductor-insulator
interface. It is possible to obtain the relation between Vg and. ~~ by a

- 
• 

measurement of device capacitance, C, as a function of gate voltage through

C(Vg) 
— ___________

~C. C + d  d~:i. ,~. S

where the semiconductor charge may be explicitly separated into a bulk com-
ponent and a surface component through:

• = Q~(bulk) + Q~( surface) . (4.)

Q~(bulk) may be calculated as an explicit function of 
‘

~~~~ 
given the HgCdTe

band structure parameters £21]. Similarly, c~(surface) may be calculated as

- 
• • an explicit function of ~1’~ given the surface state type (donor or acceptor)

and. density distribution. When the surface state density varies negligibly

over a potential interval = kT/q, a significant simplification occurs
through

dQ
b

( surface)

• d~i’5 ~ qN
55

Y 5 + E ~, ‘ ~
)

[21] M. MIc~~~l and W. F. Leonard, Solid-State Electronics ~~ , 71 (1974.)
18
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an expression which is exact at T = 0° K.

Pull mathematical details are given in the appendix . A graphical presen-
tation of the interrelations between C(Vg)/Cj~ Vg~ ~~~~~ 

and. w
55

(E5) is given
• in Figure 6. The total surface state density distribution function, N35 (E 5) ,

is composed of two components: a donor type surface state density distri-
bution, NSSD(Es), and

, an acceptor type surface state density distribution,

• NS5A S).

The C/Cm vs. Vg curve of Figu.re 6 is a “low frequency” curve, i.e., the
surface states are in thermal equilibrium with the semiconductor bulk and
the surface state occupation follows the ac modulation or measuring signal .
A first estimate of the midband value of N

SS
(E

SS ~ 
- EJ2) may be obtained

from the capacitance minimum since

dQ~ ( surface) dQ~(buLk)

>>
$ 5

in depletion in all HgCdTe MIS devices we have examined. Also, when C/C.
is dominated by surface states, the width of the c/ct curve is of the order

0
~v ~~L~~r N ( E )d3g C1_ ~ ss s s

g

which gives an estimate of the total number of surface states. This data

may be used to construct a first estimate of N
55

(E~) from which a C/C1 vs.
Vg curve is then calculated. for comparison with the experimental data. A

large number of calculations have indicated that vs. Vg is not a sensitive
function of the detailed shape of N

55(E5) so that the correction to N~5(E5)

• may be obtained from the difference between C/C. (experimental) and C/C .
(first calculation) at each V5(Vg) point. We have found a reasonable fit
of calculated to experimental C/Ct curves for surface state density distri-
butions of the form

N SA = 

~~~~~~~~~~~~ 
+ 1 
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for acceptor type states and

Ns$D = /(E
S ED) +

for donor type states. The quantities SA and SD give the maximum surface

state densities, EA and. ED give the energy position of the density distri-

• bution maxima and 
~A and 

~D determine the width of the d,istributions.

In Figures 7 - 9 we show the measured and calculated C/C1 vs. Vg curves
for a SWIR MIS device at three temperatures. In all three figures, a
“typical” MIS device characteristic is obtained with well defined “high
frequency” and “low frequency” regimes [22]. At T = l55°K and 80°K, the ex-
perimental “low frequency” regime is reached as indicated. by the merging of
several curves with the 5 Hz curve. However, at T = 8°K, “low frequency”
behavior is not reached at 5 Hz , our lowest measurement frequency available.
“Low frequency” behavior is obtained. when the reciprocal of the measurement
frequency is small compared to minority carrier generation times due to

• thermal or optical processes. Figures 7 - 9 were all taken with a back-
13 -2 -1ground photon irrad,iance of 

~B 10 cm sec .

For the S1,~IR device, bulk thermal equilibrium electron concentration, r&~,
was determined by the high-frequency inversion regime capacitance at 80°K
from Figure 8. This value, characteristic of the surface to depth of 0.25 ~ixn ,
is in reasonable agreement with a van der Pauw type measurement as shown in
Table L. The insulator capacitance, C~ , was determined at low frequencies
in strong inversion. The MIS device capacitance, C, does not saturate to
C~, in accumulation as may be seen in Figures 7 - 9. This is due to the
small conduction band density of states function in narrow band gap HgCdTe.
Also apparent in Figures 7 - 9 is a significant temperature dependence of
C1. The temperature coefficient of capacitance,

[22] A. S. Grove, E. H. Snow, B, E. Deal, and C. T. Sah, J. Appi. P hys. ~~ ,
24.58 (1964.)
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TABLE 1.

COMPABISO1~ OF BUM ELECTRON CONC~~TRATIO1~S DETERMII~D BY VA1~ DER PAUW
~~CJ1I’~IQUE AIW BY MIGH ~~E~ JENCY C vs. Vg ON MIS SThUC1~JBE

SWIR LWIR

• MIS 9.3 x ic)15 cm~~ 1.7 x 1O~~ cm ”3

van der Pauw 1.6 x 1016 cm’s 2.7 x 1O14. ~ -3
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4. x1O 4 0 K~~

is due to the temperature dependence of the insulator (ZnS) dielectric
constant [23,24.).

Using the appropriate values of T and. c
~
(T), the low frequency a.nd high fre-

q,uency C vs. V curves of’ Figures 7-9 were calculated from the single set of
surface state parameters in the first column (pre irradiation ) of Table 2.
If the entire offset voltage, V , is due to trapped charge at the semi-
conductor-insulator interface, the offset corresponds to ~~~ = 1.2 x 10 cm
negative charges in the insulator. The agreement between calculation and
experiment over the temperature interval 10° K � T � 155° K and at the low and
high frequency extremes is satisfactory. It should be noted that the abrupt
drop of the high frequency calculated C below the experimental 1 MHz curve
as the MIS gate voltage moves from accumulation to depletion is due to the
assumption that the surface states are abruptly disconnected from the semi-
conductor bulk at = 0.

In Figures ] O and fl we show the experimental and. calculated C_Vg characteristics
for the SWIR device before and. after a 200 kR ‘f-irradiation. The experimental

- 
- points in Figure II are the superposition of’ data following two separate

irradiations with an intervening room temperature anneal . The pre irradiated
C-V characteristic of Figure 10 is indistinguishable from the post irradiation
C-V characteristics following a room temperature anneal. An increased.
surface state density in the irradiated sample is indicated. by the shallower
dip at C~~~ and wider gate potential variation , AVg , in Figure 1]. vis ~ vis
that in Figure 10. The surface state parameters required for the pre and post
irradiated calculated C-V characteristics are listed in Table 2 and the

• surface state density distributions are plotted in Figure 12. The corresponding
surface potential variation is shown in Figure 13. The principal effect of

[23)1. B. Kobyakov and. G. S. Pado, Soy . Phys.-Solid State ~~, 1707 (1968) .
f2 1i.]A. Goswami and. P. Goswami, Thin Solid Films ~~~ ,, 175 (1973).
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—0 .3 —0.2 —0.1 0
- E~ SURFACE STATE ENERGY (eV)
~ Figure 12. Surface state density distributions of SWIR MIS device before

• and af ter 200 kR y-irradiation
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7—irradiation appears to be a large increase in surface state density near

the valence band edge. This is apparent in Figure 11 as a shallower slope of

the C—V characteristic in the ~~ < Vg < —2 volt interval than in Figure 10.
The fixed negative charge in the insulator increased only slightly following

y—irradiation according to Table 2.

In Figures l4.-17 we show the c/ct vs. Vg characteristics of a LWIR MIS device.
• Figures 14. and 15 are pre 7-ir’adiation while Figures 16 and 17 are post

7—irradiation. Figures 1i4~ and 16 were obtained with the MIS device in a
• • 13 -2 -l -background photon irradiance of ØB = 10 cm sec while Figures 15 and 17

were taken with 0B = 2 x 1012 cm 2 ~~~~~~~~~ Note that the carrier generation

rate is too low at 0b — 2 x 1012 cm 2 
sec~~ to reach Itlow frequency ” behavior

) at a signal frequency of 5 Hz. Also note that tthigh frequency” behavior is

not reached at a signal frequency of 1 MHz. This is presumably due to a signi—

ficant tunnel conductance in inversion for the narrow bandgap HgCdTe devices

[2 5 ,2 6 ] .  The minimum of C vs. Vg at 1 MHz in Figure 14. was taken as due to
the depletion layer capacitance only and the corresponding 

~B 
calculated for

Table 1. Satisfactory agreement was obtained with the van der Pauw measure-
ment of nB, especially considering the facts that (i) the van der Pauw
measurement was performed on a wafer slice- from the HgCdTe ingot adjacent to
the slice used for MIS device fabrication, and (2 ) the MIS measurement is
characteristic of the surface region only to a depth of 1.0 Im.

The two sets of curves, Figure 14. and 15 and. Figure 16 and 17, are nearly
pairwise identical except for the frequency label on each curve. If we super-

pose Figures 14. and 15, identical C vs. Vg with f as a parameter curves are

obtained at the corresponding frequencies shown in Figure 18 for the two back-
• • 12 —2 —l 13 —2 —l

ground irradiances, 0B 
= 2 x 10 cm sec and 0B — 10 cm sec . At

- 
- 1 MHz, the C vs. Vg curves are nearly identical at both photon irradiances.

Linear extrapolation of the corresponding frequencies curve to high

[25 ]A. F. Tasch , Jr., D. D. Buss , R. T. Bate, and B. H. Breazeale , Proc. Tenth
• - m t. Conf . on the Phys. of Semicond.. , ed. S, P. Keller , J . C. Hensel , and

F. Stern , (USAEC Div. of Tech. Inf. , Oak Ridge , Term., 1970) p 1i58

j [26]W . W. Anderson , Infrared Phys . j~~, 14.7 (1977)
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• Figure 11 . Capacitance-voltage characteristic of LWIR MIS device with signal
frequency as a parameter. Sample before ‘f-irradiation in background
photon irradiance of = 1013 c m 2  sec 1
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Figure 16. Capacitance-voltage characteristic of LWIR MIS device with
signal frequency as a parameter. Sample following 200 1cR

~ v-irradiation and. in a background. photon irradiance of
0B 1013 cm 2 sec’~
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frequencies indicates that the two sets of C vs . Vg curves should merge
at 700 kHz. We expect the C vs. Vg curves to be independent of background

• above 700 kflz in inversion since the tunnel contribution to minority carrier
generation rate is not background d.ependent.

4 In Figure 14. , “low frequency” behavior is observed for all f s 80 Hz at
0B = 10 cm see • A low frequency linear extrapolation of the corres-
ponding frequencies curve in Figure 18 indicates that “low frequencyt’ behavior
at 0B = 2 x 1O~~ cm 2 sec~~ would not occur unti~ f ~ 0.7 Hz which was far below
our measurement capabilities.

Calculated low frequency and high frequency C vs. Vg curves are also shown
on Figure 14.. The abrupt drop of the high frequency calculated. C below the
1 MHz experimental curve as the MIS gate voltage moves from accumulation to
depletion is more pronounced than for the SWIR device in Figures 7 - 9.

This is probably due to connection of the bulk electrons to surf~ce states
via the tunnel mechanism which is more pronounced in narrow gap MIS devices
[26].

In Figure 19 we show the experimental and calculated C_Vg characteristic
before and. after a 200 1cR ‘f-irradiation. The signal frequency was less than
80 Hz with a background photon irradiance of 0B = io13 cm 2 sec~~ so that we
were well into the “low frequency” regime of Figures 14. and. 16. Surface
state parameters required. for the calculated curves are given in Table 2.
The surf~ce state density distributions are plotted in Figure 20 and the
corresponding surface potential vs. gate voltage curves are given in
Figure 21.

• - 
In Figure 19, the small “bump” in the pre irradiation C_Vg measured. curve
at Vg = 0.5 volt is real and also appears in Figures 14. and 15. This effect
can be modeled. with an additional peak in the N 5(E) curve of Figure 20 of

~N (B ) = 2.3 x i0~~ cm 2 
eV

1 centered at E = -.05 eV CE =a 5 5 5  5 S
When the device was annealed at room temperature following the first
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y-irradiation, this “bump” disappeared. and the measured. C~Vg curve was an
even better match to the calculated curve as shown in Figure 19.

C vs. V Results Su mmary

Reviewing all of the C vs. Vg curves in this report , we can conclude that MIS
structures fabricated. on n-type HgCdTe are well behaved. with respect to
established MIS theory and. that surface state distributions may be obtained
from capacitance measurements [27]. For narrow bandgap alloy compositions ,
tunneling through the depletion layer is important and may cause a “high
frequency” curve to have the shape of a “low frequency ” curve [25~ since the
tunnel conductance increases rapidly with surface potential in inversion [26].
It is also important to confirm that a measurement is truly “low frequency”
or interpretation of experimental results may be in error. This is apparently
w’ny another investigator was unable to match his experimental and. calculated
C_Vg curves obtained. on Eg = 0.4 eV HgCdTe at 77°K [28].

Returning to the surface state data in Table 2 or Figures 12 and 2Q we find
surface state densities and distributions similar to those at the Sj -Sj02
interface circa 1967 [27]. Surface state densities of these SWIR and. LWIR
HgCdTe devices are comparable which is reasonable since both had been pro-

• 
- cessed. with an id.entical surface preparation procedure [29]. The dominant

effect of y-irradiation is a significant increase of surface state density
near the valence band edge.

- 
- 

~rom the bottom line of Table 2, we may also conclude that v-irradiation
increases the negative fixed charge in the insulator . While the total charge

- 11 -2 .
• density is small, 10 cm , it produces a pronounced shift in the surface

potential of the lightly doped. LWIR device as shown in Figure 19. An attempt
- - 

I 
was made to see if this surface potential shift could be altered by

[27 ] S. M. Sze , Physics of Semiconductor Devices (Wiley-Interacience ,
New York, 1969) p 444j [28] A. A. Pellegrino , Surface Related Effects in (Hg1Cd)Te, (MS Thesis, -

MIT, 1974.)
(~29] R. Rotolante, Carson-Alexiou Corp., private communication
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electrically stressing the insulator during y-irradiation. Accordingly,

irradiations were carried out with the gate electrode connected as indicated

in Table 3. In every case, the post irradiation C vs. Vg curves were un-

affected by the gate electrode connection or potential during irradiation.
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- 
TABLE 3.

GATE ELECTRODE C0N1~1ECTIONS DURING ~-IRRADIATI0NS

DETECTOR DOSE Vg

SWIR 2 x 1 O 5 R Open

SWIR 2 x lO~ R Shorted.

LWIR 2 x 105 R Open

LWIR 2. 14- x l0~ R -l Volt
j 5LWIR l x l O  R +2 Volt

LWIR lxlO5 R Open

LWIR i x io5 R Shorted

1~~~
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DETECTOR PROPERTIES

Introduction

In this subsection we present data on responsivity, noise spectral density and
photocond.uctive lifetime obtained. on 0.3 eV and. 0.1 eV energy gap trapping
mode HgCdTe detectors. Before presenting these data we briefly review a few
basic relations pertinent to photoconductive detectors. The voltage

• responsivity Rv iS

~~~~~~
RDn TRv = 

~ L(h  / ) 
-
~~ v/w (8)y e  

( l ÷ w 2T2)

where

fl is the quantum efficiency
- 

~
- ~n is the mobility of the majority carriers (electrons in this case)

is the electric field across the detector
is the majority carrier lifetime

L is the interelectrode spacing
hv/e is the energy of the (monochromatic) signal radiation

is the angular frequency of the signal radiation

- 
- 

At very low frequencies Rv is proportional to -r and. independ.ent of frequency
while at high frequencies R

~ 
is proportional to m~~. It should be pointed

out , however , that the frequency dependence of trapping mode detectors cannot
in general be described in terms of a single time constant. The observed

frequency dependence of responsivity does not follow at high frequencies.
Instead. the high frequency response more closely resembles an relation.
This behavior is due to the presence of , not one , but a spectrum of time
constants. Thus, it is not possible to simply extract “the time constant”
from the 3db point of the responsivity vs. frequency curve. A graphical

technique to extract the dominant time constant will be described later.

The principal detector noise sources are generation-recombination noise,
Vg_r (either thennally or optically induced.), excess noise, Vex and

14-5
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Johnson-Nyquist noise V~..

The generation-recombination noise is given by

Vg~r = 2e 
~n1

~ 
( W )

*
(~~~ + 

2 2 * 
/ (9)

(l + W T  )

where
w is width of the detector

0B is the optical background flux d.ensity
is the thermal generation rate of carriers

d is the device thickness

The other symbols have the meaning previously defined.. At the temperatures
used in these experiments (� 80° K) we do not expect to see the thermal
generation term. We can then write the optical portion of Vg r  in the more
useful form

0 *
Vg_r = 2 hv AD* (~) R~ V/~6i~ (10 )

where AD is the detector area and. the other symbols were defined earlier.
Since both Rv and Vg_r have the same frequency dependence we can use Eq. (io)
in conjunction with the measured values of Rv to estimate Vg_r ) and its
frequency dependence.

The excess noise spectral density follows the semi-empirical relation

v =ex

where K is a constant. This noise source is generally believed to be the

result of fluctuations in charge carrier density caused by recoiribination
states located. at the detector surface or at the contacts. Previous experi-

- •
~ ments suggest that in trapping HgCdTe detectors the surface dominates. This

noise source is independent of background flux density. —

I
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The Johnson-Nycjuist noise is independent of fr equency and optical background 
-

• - 
(as long as the background does not change the carrier density significantly)

• and. is given by

v~ = ( 4.ic TD RD)*

— 

~
- where k is Boltzmann ’s constant and T

D 
is the d.etector temperature. This

noise source is negligible in these detectors.

Preamplifier noise in these experiments was about lO~~ V/1/~~ at high
frequencies and cUd not impact our results.

In Table 14- we list some important detector parameters.

H 
_ _ _ _ _ _ _
Detector (both co~~ositions)

A]3 de or ef

Interelectrod.e Spacing 8.1xl0 2 2.5xl(f2 cm

- 
Wid.th 2.65xl0 2 2.65xl0 2 cm

Area 2xl0 3 6.7x10 4 cm2

Thickness — 2x10 3 
~~ - 2x10~~ cm

0.1 eV ga-p 0.3 eV gap
Operating Temperature 8° K 80° K

Bias Field 1.2 4.8 v/cm
~

•
- 

Najority Carrier Density l.7x1014. ~)~~i6 cm 3

• Wavelength of Radiation 3.5 3.5

Results on 0,3 eV Engergy Gap Detectors

• - The frequen cy dependence of responsivity of detectors AB, de and. ef are
shown in Figures 22 and 23. The data was obtained. at a background. of

- 

about 1013 ph-cm 2 S~~~ at 80° K. All three detectors behave qualitatively

11•7
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alike a~~ have soft roll offs. In order to obtain a consistent picture of
both responsivity and. noise in these detectors one must determine their

lifetime and. the quantum efficiency. Since these detectors do have a spectrum
of time constants the lifetime cannot be obtained. from the 3db roll off
frequency. We can, however , estimate quite accurately the dominant low
frequency lifetime using a graphical technique. We will, in effect , re-
construct a typical sof t roll off responsivity curve from a family of single
time constant responsivity curves . In Fig. 214- curves 1-6 represent single
time constant responsivity curves, each with a lifetime just 1/2 that of the
preceeding. The upper two composite curves were obtained by either summing
all 6 single time constant curves or just curves 1, 3, and 5. We note that
the resultant composite curves have the characteristic soft responsivity

j roll off of HgCdTe detectors. To obtain the dominant lifetime (i.e. longest
lifetime) of a detector one of the upper composite curves is superposed. on

the data and shifted. to make the best fit. The frequency 
~D 

Ofl the experi-

mental responsivity curve which matches the uYr 1 point for curve 1
(lowest frequency single time-constant curve) is then related to the dominant
lifetime in the detector by

D =

Curve 1 with T = T
D 

is representative of the dominant low frequency process
in the detector. With the composite curve still superposed on the data the
value of responsivity determined. by the low frequency intercept of curve 1
with the experimental responsivity axis is the low frequency responsivity of
this dominant process. Thus, curve 1 with ordinate and. abcissa fixed by the
experimental responsivity curve is a representation of the lowest frequency
process in the experimental data. We can then analyze this single time

• constant curve to d.etertnine the quantum efficiency. We will use Eq. (8),
which at low frequencies reduces to

R~ = V/W (11)

50
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~nd the data from Table 4.. Then applying this technique to Detector AB,
Figure 22 , we find that T

D 
= 3.5x10 3 sec and that the low frequency res-

ponsivity of the dominant process is about 1.7x10 V/w. Compaz-iu~ this to

the value calculated from Eq. (11) with r = 3.5x10 3 sec we find that

fl 0.06. Applying this technique to detectors de and ef we determine the

lifet ime and quantum eff iciencies of these detectors. The results are given

in Table 5.

TABLE 5

Detector AB de ef d.c + ef

3.5x10 3 l.6x10 3 1.6x10 3 l..6xl0 3

.06 .17 .07 .12

The noise for detectors AB and the series combination d.c + ef (i.e. the noise

measured between points d and f of Figure 2) i~ given in Figure 25. The
noise voltage varies approximately as f~~, and appears to be excess noise.

Also on Figure 25 are the computed values of Vg_r for detector AB and the

combination d.c + ef. These curves were calculated from Eq .(lO ) using
13 -2 -lmeasured values of Rv, a background of 10 cm s , and the computed

quantum efficiencies. We see that for both detectors AB and de + ef , the
expected generation recombination noise falls below the measured noise.

• We conclude that in both detectors this is excess noise.

The majority carrier lifetime in trapping mode HgCdTe is background dependent
and varies as

-r =

where K is a constant and the exponent a is generally between 0.5 and 0.8.
Since the low frequency responsivity is preportional to the lifetime, we can

— 
- obtain a from a log-log plot of low frequency responsivity (or signal level)

vs. background. This plot can then be normalized to the low background time

52
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constant determined by the graphical method. These data for detector AB
are shown in Figure 26. From this we see that

~ -.72

For Vg = 0 volts. This background dependence is typical of trapping mode
detectors of this energy gap. In Figure 27 we show the variation of low
frequency signal level with background for detector AR cooled to 10° K. The
power law dependence is virtually unchanged from its 80° K value. This is an
important result since the trapping model of Beck and Broudy predicts that
a should increase monatonically with a decrease in temperature. Thus, these
data are not reconcilable with the predictions of the Beck and Broudy model.

Results on 0.1 eV En~ergy Gap Detectors

The responsivity vs. frequency for detectors AR, de and ef are shown in
Figure 28. The responsivity for detector AR is shown at two backgrounds

2 x 1012 and 0B 
i013 ph cm

2 ~~~ From this data using the procedure

discussed earlier we extracted. the dominant lifetime and detector quantum
• efficiency. These results are listed in Table 6. The longer time constant

of detector AR is probably a result of the lower effective background on AR
due to the presence of the Au field plate.

~~~~~~

Detector r (s)

de 0.2 l.2x10 3

ef 0.06 l.2xl0 3

AB(2xl012 
0B~ 

0.02 3.2xl0 3

AR(1013 
0B~ 

0.02 1.5xl0 3

The noise vs. frequency for AR is shown in Figures 29 and 30 for backgrounds
of 2xl012 and l.3x1013 ph cm 2 ~~l respectively. The noise depends on
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f requency as f~~ and is independent of background, as one would. expect for
excess noise. The generation recombination noise was computed, as described
earlier, and also shown on Figure 29. It is well beJi w the measured noise value.

Comparing the measured noise to the computed Vg_r at 0B 1013cm2 $ 1 we con—

elude that the measured noise may at high frequencies be a combination of
excess and generation—recombination noise. However, the major contribution

to the noise is the excess component.

The measured noise and computed generation-recombination noise for detectors
d.c and ef are stiown in Figure 31. Again we note that the measured noise is

primarily an e~Zcess noise.

In Figure 32 the background. dependencies of lifetime in detectors AB and

de + ef are shown. The background dependence of lifetime in detector AR is

shown as a function of field plate voltage from -0.5 V to +~.o V (reading from
top to bottom). From the linear portions of these curves we determine that

J T K ’ ~
_0.55

for both detectors. We also note that the exponent is independent of field

plate voltage in detector AR .

Summary of Detector Properties

The quantum efficiency and dominant majority carrier lifetime were determined.
from the frequency dependence of responsivity on the detectors of each com-

position. The lifetimes varied from about 1.5 rnsec to about 3.5 msec, while
the quantum efficiencies varied an order of magnitude from .02 to .2 with

the widest variance occurring in the lower band gap detectors.

The noise of both groups of detectors was dominated by excess noise.

Estimates of the generation recombination noise were made using the experi-

mentally determined responsivities and quantum efficiencies. This noise was

sufficiently low so as not to be observable.

The three types of detectors, i.e., bare, ZnS coated, and. NIS devices, all

behaved similarly. Thus it is felt that the presence of ZnS or ZnS and f ield
plate do not appreciably alter the properties of the detector. Therefore the

information obtained on the IvilS device should be applicable on HgCdTe detectors

in general.
6o 

i_~~~
_
~• 

-

- - 
- _ _ _



LU

LU 4-)

~ 
U

I- a)
- —~~~ 0 ’  -

~~

~ <~
; 

:

II
I t  4)

_ 0

- I 
—

U
1$ - i-I

0

a)

tf)

I I —
0’

I I I a)
0 0 0

-

~ - 
- (~~,YA) 3SION

61

__________
- 

-
~~~~~~~~~~~~~

-
~~~~~

“ - - f~~~1~~L~~~~ ~~~~~~~~ -~ -- ~FU —- —

- - •—- --—- ---~
-----—--— -- ~ 1~~~_ 

-p----- •_ _ _ ~~~ 4 _ -_ _ _ __ _ ; i~- ~~~~~~~~~~~~~~~~~~~~ 
;-

~~
-,---~~------‘- ~~~~~~~~~~~~~ ~~~ 

_____  _________  — --



_ _ _ _ _ _ _ _ _ _ _ _

(s) .L
C’) I

In 

I 

1? 
2 

1? ~~~~~~~~~

I I I
.4-

• I
+ 1 > > > >

I
I Q 0 — C~~~c’)

/ 
,,,I/ /

H

UJ
0)

I— ut ,< // ~,,,7 2 ;

- ;  
/

P

,

~ff
C’)

(U 1:: Ii
~~~~~~~~ e4~~~ H I ~ 

—

2 
II-~~~~~~~~ H~~~~~ 

2

(A d) OVI1OA 1VNOIS

62

— 
‘~~~~~~-~~~- ~~~~

-

~~~~~
- - 

~- ~~~ 0

- - — -- -- —- — ----•- ---- — -.-— _k.~~~l 
-. 

%._‘~~~‘—& ~~~~~~~ - — ~.•__I_,_~~~~_. —f — -i—-- .~~



SURFACE POTENTIAL EFFECTS

The effects of surface potential (i.e. band bending at the surface) were
explored using the MIS structure, detector PB. The surface potential was

— • controlled by the applied gate voltage. Corsputation of the relation between
gate voltage and surface potential was discussed in the Surface Potential

Variation subsection. The effects of surface potential variation on low

frequency responsivity, noise , and the background dependence of lifetime
will be presented. first for the 0.3 eV gap device and. then for the 0.1 eV

H gap device.

Results on 0.3 eV Energy Gap Devices

The effect of surface potential on low frequency responsivity of the 0.3 eV

gap detector is shown in Figure 33. The responsivity, hence lifetime, shows
a broad peak approximately at mid gap. A zero or positive surface potential
corresponds to a downward. bending of the bands at the surface resulting in

• increased electron densit y there , while a large negative surface potential
corresponds to an upward bending of the bands leading to a depleted or
inverted surface layer. At zero gate voltage the surface potential is
-0.125 eV. The sharp decline in re sponsivity (hence lifetime) begins when

a-
the surface potential reaches about 0.1 eV above the top of the valence band.
The resistance of thi s device did not change by more than 1 part in 1O3 for

the entire range of surface potentials. As the background intensity
increased the peak in resporsivity shifted towards the valence band and
narrowed (Figure 314). At high frequencies the responsivity is independent

of surface potential. Since the responsivity at high frequencies depends
only on quantum efficiency and. is independent of lifetime, we conclude that
the quantum efficiency is independent of surface potential. Thus, the low
frequency behavior must have been due to a change in lifetime.

The low frequency noise also shows a weak dependence on surface as is

shown in Figure 35. The noise (at 10 Hz) is low for values of surface

- - 

- 
potential away from the band edges but peaks near each band edge.
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In Figure 26 we showed the dependence of lifetime on background, and noted
that

K

for zero gate voltage ( surface potential of -0.125 eV). Also shown in
Figure 26 is the background dependence for gate potentials of ±5 volts.

The slopes of the 0 and -15 volt curves are the same but the lifetime is
lower at -15 volts (see Figure 26). The slope of the curve for -5 volts
applied. gate voltage is however lower. Figure 36 shows the variation in a

where

-a-r 0
B

as a Thnction of the surface potential. The exponent is independent of

surface potential until the surface potential comes to within about 0.1 eV
of the valence band edge. Then it drops precipitously to a constant value
of 0.5 for strong inversion.

Results on 0.1 eV Energy Gap Detectors

Surface potential effects in the 0.1 eV gap detector were not as pronounced
as in the wider gap device . Unlike the wider gap device , the resistance of
this device was dependc~it on surface potential (Figure 37). This is not
surprising since the carrier density in this device is two orders of magni-
tude lower than the carrier density in the wider gap device. At zero gate
voltage the surface potential is -0.095 eV and the surface is already
inverted. Applying positive gate voltages brings the surface out of inver-
sion then out of depletion and, finally into accumulation. While in inversion
the surface layer conductivity is & minated by the low mobility holes. Thus,
the detector has a smaller effective thickness and hence higher resistance.

- 
I . With the collapse of the depletion layer and the accumulation of electrons

at the surface for larger positive gate voltages the detector resistance

drops. In Figure 38 we cospare the computed resistance vs. surface
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Figure 36. Variation of back ground exponent a with surface potential
in 0.3 eV MIS detector (
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Figure 38. Effect of surface potential on resistance; calculated and measured.
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potential curve with the measured curve, based on this model. In this
computation the computed resistance was normalized to the measured resistance
at one point. The agreement in accumulation is quite good but the computed
value is low in depletion. However, we feel that the computation essentially
verifies the model.

In order to determine whether the lifetime is dependent on surface potential
we must examine the behavior of low frequency responsivity/resistance ratio vs.
surface potential rather than ju st responsivity vs. surface potential.
This is dictated by the fact that the resistance is surface potential depen—
dent . Figure 39 presents these data. The overall change in the ordinate
is not as large as the changes seen in the wider gap sample , but the general
behavior is qualitatively the same. The lifetime peaks just below midgap and

J declines on either side of mid.gap. At high frequencies the responsivity/

resistance ratio is independent of surface potential. Thus the surface

potential effects observed in the low frequency measurements can be attri-
-
• buted to a surface potential dependent lifetime.

The low frequency noise vs. surface potential measured with a constant
electric field across the detector is shown in Figure ~10. Since the noise
appears to be excess noise it is field rather than current dependent and

therefore must be measured at constant field. It appears from Figure 140

th~t the noise is insensi tive to surface potential. All the data lie within
about ±/~ standard. deviations from the mean.

In Figure 32 we showed the dependence of low frequency responsivity on
background, for zero gate voltage. Also shown is responsivity vs. back -
ground for pos5 tive gate voltages. The curves for negative gate voltages
fall nearly on top of the zero gate voltage curve. All the high background

- .  - 
- 

segment s of these curves predict the same background dependence of lifetime
viz
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unlike the larger gap devices , the exponent in this equation is independent
of surface potential.

S 

Summary of Surface Potential Effects

In both composition detectors the majority carrier lifetime is dependent on

surface potential. The relatively weak dependence of lifetime on surface

potential may be due to the fact that the back surface of the detector, which
is unaffected. by surface potential, always remains an active trapping site.

In addition, the lifetime peaks at midgap and decreases for surface potentials

on either side of midgap. The excess noise in the 0.3 eV gap detectors was

slightly surface potential dependent, while the noise in the 0.1 eV gap

detector appears to be independent of surface potential. The background.

dependence of lifetime was surface potential dependent in the 0.3 eV gap
detector , but independent of surface potential in the 0.1 eV gap detector.
Surface potential studies on devices with intermediate energy gaps are

probably needed. to explain these differences.
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RADIATION EFFECTS ON DETECTOR PROPERTIES

0.3 eV Energy Gap Devices Co 0

Irradiation of these devices was performed with the devices cooled to 80° K.

c ~ 
1~~se rates were in the range of 300 to 1000 rads/sec. Immediately after

, irradiation the responsivity and noise were measured.. Finally the capacitance
- vs. voltage measurement was performed. Only after those measurements were

~ 
completed. were the devices allowed to warm above 80° K.

- 

. . - .  II.The first irradiation was made to a total dose of 7x10 rads . The respon-

:- 1 sivity and noise, pre and post irradiation of detector AB, are shown in

Figure 14-i. There was a small change in low frequency responsivity and some
increase in noise. The increase in noise is too small to be experimentally

significant . The responsivity increase is significant and is due to a
lengthening of the primary photoconductive lifetime. Detectors d.c (ZnS

• coated) and. ef also showed an increase in responsivity due to lengthening

of the time constant. The responsivity after a room temperature anneal

is not quite as high as its pre—irradiation value; however, the shape of the

post anneal re sponsivity curve is identical to the pre—irradiation curve.
Thus, the lifetime has returned to its pre—irradiation value, but the detector
quantum efficiency has degraded..

The capacitance vs. voltage characteristic was unchanged after irradiation.
This implies that neither the surface state density nor the surface potential
were affected by irradiation.

According to the trapping model discussed in an earlier section the majority
carrier lifetime is monotonically related to the density of trapping centers.
In addition the overall quantum efficiency was found to be the product of the

- a 
usual collection quantum efficiency and an efficiency which measures the
relative probability of trapping over recombination. This relative
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probability ~ is

an = N A + rb

where N is the density of trapping sites, A is the capture cross section of
the trap multiplied by the hole thermal velocity, and rb i~ the rate at which
holes recombine via a band to band or flaw assisted process. The product NA
is the rate holes are trapped. Thus, fl is just the probability that a hole
will be trapped. It, too, obviously is dependent on the trap density. Thus,
introduction of new trapping sites by irradiation could increase both quantum
efficiency and lifetime.

The noise and responsivity of detector AB, following a 2.2x1& rad irradiation
are shown in Figure 42, The post-irradiation responaivity at low frequencies
is about an order of magnitude higher than the pre -irradiation value*. In
the roll off region, the differences in responsivity are due primarily to
quantum efficiency differences, and it appears from these data that the
quantum efficiency has increased about a factor of 2 to 3. From the change
in roll off we conclude that the lifetime also has increased by about three.
Thus, the change in low frequency responsivity qualitatively tracks with an
increase in both lifetime and quantum efficiency.

The capacitance vs. voltage characteristic was changed by irradiation (see
“Surface Potential Variation” section) . Irradiation increased the density
of donor like states at the val.~nce band edge by about a factor of four .
The surface potential increases slightly from —0.125 eV to -0.130 eV
(Figure 13) below the conduction band. As seen in Figure 33 a change in
surface potential in this direction does produce a change in responsivity.
However, this change is too small to account for the observed changes. The
quantum efficiency and lifetime increases appear to be due to an increase in
the density of trapping sites.

* When compared to the responsivity after 70 Krad. and anneal.
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Irradiation also increased the excess noise level. This is probably

; 
S 

associated with the increase in surface state densi ty.

- t After a room temperature anneal both responsivity and noise returned tO their

;~ 
- pre-irradiation value. The new trapping sites are thus not stable at room

S -~ temperature . (Figure 113.)

0.1 eV &~ergy Ga~ Devices

These devices were irradiated at 80°K and then cooled to about 8°K for

~ 

I measurement. Measurements were made in the same sequence as was used for

~ 

- 
the wide gap devices.

The frequency response of responsivity and noise were measured on these

~
4 devices after a lxl& rad and 2.2x105 rad irradiation. The results were

identical. Only the results of the 2x1O5 rad irradiation are shown. The

responsivity of detector AB did. not change with irradiation. However the
adjacent detectors d.c and ef (Figure 111~) experienced a decrease in respon—
sivity in the range of 10-20%. The noise after irradiation of all three

detectors AB, de, and ef are within about 25% of their pre-irradiation values.

This change is within the limits of experimental error and is probably not
significant.

The capacitance vs. voltage characteristic is changed by irradiation
(Figure 21). The effect of radiation is to increase the density of donor
like surface states and. slightly lower the surface potential (from -0.095 eV
to ~O.1O14. eV) at zero gate bias. This change in surface potential, according

to Figure 39, would. only decrease the responsivity by one part in twenty and
cannot account for the observed changes. A slight decrease in qiantum
efficiency would account for the observed changes. This is quite consistent

with the data since the pre - and. post-irradiation data are nearly parallel ,
- 

indicating a change in quantum efficiency and not in lifetime. This decrease

in quantum efficiency could be due to a radiation induced increase in the
density of recorubination sites. The fact that d.c and. ef behave slightly
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I different from AB may be due to irthomogenieties across the chip from which

~ 
these devices were fabricated. Such inhomogenieties are not unconinon .
Finally we note that the responsivity changes disappear after a room tern-
perature anneal.

Gate Voltage Effects

The data discussed above (both 0.3 eV and 0.1 eV devices) were obtained with
- 

the gate shorted to the substrate. In order to assess the effects of surface

potential during irradiation on the outcome of the irradiation the 0.3 eV
devices were re-irradiated. with the gate floating . The 0.1 eV gap devices

~ 
were also irradiated with gate floating, and. with a gate voltage of +2 V

I and. -1 V corresponding to surface potentials of +.017 eV (accumulation) and
j -0.104 eV (inversion) respectively. The post-irradiation detector charac-

teristics, surface potential and. surface state density under the conditions
of gate open (0.3 eV material) and gate open, acciimnlation, and. inversion

( o.i eV material) were not discernable from the values measured with the gate
shorted to substrate.

1
~
diation Effects Summary

- - 
- The donor like surface state density on both the 0.3 eV and 0.1 eV energy

gap devices was increased. significantly by ganm a irradiation. The surface
5 ~ potential after irradiation, however , was nearly unaffected. Detector

responsivity in the 0.3 eV gap detectors was increased by irradiation. The
increase appears due to a change in both quantum efficiency and lifetime,
associated with the introduction of new bulk trapping sites. The respon—
sivity of the narrower gap detectors was affected. less by irradiation than
were the wider gap detectors and this change appears to be a slight reduction

-
. 

- 
in quantum efficiency.

The noise spectral density (excess noise in all cases) of the 0.1 eV gap 5-

detectors was not changed by irradiation. However, the excess noise in the

0.3 eV gap detectors increased significantly.
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Finally, we observe that the detector surface potential during irradiation

I does not affect the outcome of the irradiation.
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DISCUSSION

Trapping mode HgCdTe photoconductive detectors with energy gaps of 0.3 eV
and 0.1 eV were studied in this program. Three detector configurations of
each composition were used: (i) an uncoated detector representing an

S unperturbed “normal” detector , (2) a ZnS coated detector , and. (3) a NIS device
consisting of detector ZnS, and. a semitransparent Au electrode . These studies
showed that all detectors had qualitatively the swne general characteristics,
with no systematic variations due to si~rface configuration. The photo - ~ -

conductive lifetimes were in the range of 1-3.5 msec and the quantum

efficiencies were in the range of 0.02 to 0.2. The frequency dependence of

responsivity in all detectors showed the usual , slower than 1/f roll off .
All detectors were excess noise limited. at the backgrounds used. The photo-

conductive lifetimes were background. dependent and varied. as r -~~ ~~ with
a = 0.55 in the 0.1 eV material and a 0.7 (at Vg = 0) in the 0.3 eV

material. The exponent a was found. to be independent of temperature (Figures
26 and 27) but not independent of surface potential in the wider gap material

h (Figure 36).

~ 
I- The surface state density per unit energy interval was similar in the MIS

devices of both con~ osition and peaked. at the band edges (Figures 12 and. 20).

~ ~ ~ The photoconductive lifetimes in both compositions are dependent on surface
potential and have broad peaks near midgap. The departures from this maximum

value, however are not large (Figures 33 and 39). The exponent in the power
low dependence of lifetime on background. is surface potential dependent in
the 0.3 eV gap detectors. The exponent remains constant at 0.7 until the
surface is biased into inversion , at which point a rapidly drops to 0.5.
The 0.1 eV gap device did not show this effect.

Gamma irradiation of detectors of both compositions resulted in an increase
- 

- 
- in the density of donor like surface states at the valence band edge. The

- 
- responsivity and noise of the wider gap detectors increased significantly

81.1.
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upon irradiation while the responsivity of the narrow gap devices decreased

- 
only slightly and the noise was unchanged. The surface potential after
irradiation was unchanged. in both composition detectors. These results, or
at least the effect of irradiation on responsivity, are important since they

-5 

argue against a surface state dominated trapping mechanism. We note that in

the wider gap detector the pre and. post irradiation surface potential resided.
at about -0.125 eV below the conduction band, that is in the region where

~ irradiation had no dramatic effect on surface state density. However, the
responsivity increased significantly after irradiation. Likewise, the

surface potential in the narrower gap device was unchanged. after irradiation
- 

and. remained. at the valence band edge. The surface state density at the

I valence band. edge increased significantly. Now, however , we see almost no

~ 
change in responsivity. Thus, on the one hand we have a large change in

_

, responsivity after irradiation in the detector in which the fermi energy

resides in a region of unperturbed surface state density while in the detec-

tor in which the fermi energ~r resides near a maximum in the surface state
density, which is increased. further by irradiation, the responsivity is

— unchanged by irradiation. These two results strongly suggest that surface
states do not play a part in the minority carrier trapping process.

All data on trapping mode HgCdTe indicate that the presence of some kind of
sensitizing center is required to provide minority carrier trapping. In

: ~ addition, the soft roll off of responsivity with frequency and. the dependence

- ~ 
of lifetime on background. suggest that the trapping process cannot be des-

- -

‘ 

- 

cribed in terms of a single time constant trapping process. For a single

time constant process the responsivity falls off as 1/f at high frequencies

and T ‘~ - 0B ’  This behavior is not observed in HgCd.Te. Thus, the trapping

process im~st also allow for a spectrum of time constants and. a background

. 
- 

dependence of lifetime of the form i ~ ~~~ 
where a is less than 1 but

~ 

-5 greater than 0.5. Three models have been proposed to account for the trap-

~ 
ping process: (1) the trapping process is governed by a distribution of

I • surface states, (2) trapping is due to an exponential distribution of bulk

- 
1 states across the energy gap, and (3) trapping is due to a monoenergetic

- 
bulk trapping state whose properties are controlled by band. bending at the
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surface. The required distribution of time constant s and. proper background
dependence of lifetime can be obtained. in principal from these models.

The radiation effects results discussed. earlier are not compatible with a
surface state controlled trapping model. In addition , we recall that the
responsivity peaks when the surface is in depletion, when there are essen-
tially no majority carriers at the surface. Since the surface states can

- only coninunicate with the bulk via majority carriers, surface states are
effectively decoupled from the bulk when the surface is in depletion or
inversion [30). This result cannot be reconciled with the fact that the

I 
lifetime is maximum when the surface is depleted. Thus, the surface state

I approach to trapping does not appe. - to be consistent with observation.

:
1 

~~del (2) due to Beck and. Broudy [31] while it satisfactorily provides a
mechanism for a spectrum of time constants and the correct value of a also
predicts that a will be temperature dependent and will increase with d.ecreas-
ing temperature. In the ca Detector Properties” section we reported. that the
exponent remained constant or decreased slightly when the detector was cooled
from 8O°K to lO°K (Figures 26 and. 27). This result cannot be reconciled with

- ~

— this med.el and suggests that trapping is not due to a distribution of bulk
trapping states.

The final model which we discuss esploys ~ single bulk state, in particular
a doubly ionized. acceptor , in conjunction with a depleted surface to account

‘ for the characteristics of trapping detectors. The results of this progran~
are suggestive that this model has merit. In particular, we cite the data on
the effect of surface potential on responsivity . The lifetime peaks in
depletion and decreases for inversion and. accumulation as is expected from

the model. The fact that there is not a more dramatic change in lifetime is
probably due to the fact that only one surface is affected by the field

[30] S. R. Hofstein and G. Warfield., Sol. State Elect. ~ 321 ( 1966)
- 

[31 ] J. Beck and. R. Br~ idy , op. cit.
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plate. Thie to the long diffusion lengths the back surface of the device,
which is prepared in the same manner as the front surface , remains an active
trapping region, regardless of the surface potential of the front surface.
We highly recounnend that further studies on devices which can have both
surfaces controlled or on devices which are accumulated on both surfaces be
performed to test the validity of this model.

We also should point out that this model predicts that the exponent a is

independent of temperature, as is observed..

Finally, the radiation effects data are not inconsistent with this model.
Bulk damage due to gamma irradiation results in isolated. defects which usually
have only a few energy levels associated with them. Previous radiation
studies on HgCdTe [32] showed. that gamma irradiation, at low temperatures,
introduces electrically active damage sites at the rate of io8 cm 3 rad~~.
Thus, after 2x10~ rads we expect about 2xi013 cm ’3 damage sites. This is
comparable to the number of native trapping sites (1013 cm 3) as deduced

from other studies [11~.]. Therefore, the number of radiation induced. trap-

ping sites is of the right order of magnitude to affect both lifetime and
quantum efficiency assuming the site has the correct capture cross-section
and energy level. While Mallon et al. detected only donor levels, the
presence of a comparable number of acceptors would not have been observed
because of the high (1017 cm 2s~~ ) optical background in the3e experiments.

In sw~nary, we have characterized the surface properties of HgCdTe detectors,
5 - -

‘ 
and. studied. radiation effects in these devices, The observed radiation

effects depend. on energy gap but not on surface potential. In addition these
studies suggest that trapping behavior is not due to either surface states,
or a distribution of bulk states. The data is consistent with a trapping

model based on the presence of a depleted surface and a single monoenergetic
bulk trapping site.

[32] C. E. Ma13-on et al. IEEE TXVJis. Nuci, S d .  Vol NS-22 , 2283 ( 1975)
[i11~] Detector Test Program, op. cit.
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APPEI~D~tX A

~ 

S 

~~~ CALCULATION OF BULK CONTRIBUTION TO Qjv5) and dQ.~j dV5.
- This development follows the analysis of Michael and Leonard for a

semiconductor having a nonparabolic conduction band and a parabolic valence
- - ~ band [Al]. The nonparabolic conduction band is described by Kane’s k— p

- ~ 
: approximation with a mnixthnuxn at F in the Bril2ouin zone [A2]. The parabolic

~ , approximation to the valence band is valid. since the heavy hole band dominates
- the valence band density of’ states function in narrow band gap Il-VT compound

~ semiconductors.

~ 
The sense in which potentials, energies and. charges are to be referenced

S~ ~ is indicated schematically in Figure A.

~ 

. 
- The analytical problem is to solve Poisson ? 

~ equation in the semiconductor :

- \ 
~ :.:~ 

= € ( P P B n + a B) (Al)

I where
- . -

-
. - ~ 2 ~ €S p = N — ~ de

~ B v/ ~~~0 1 ÷  e-icp+t
I- 

~ 
e

- ~ -

~ 
- is the bulk thermal equilibrium hole concentration,

~ I 1

m - 

~~~~~~~~~~~~~~~~~~~~~: -  n = N - ~- J  ~ ~ de
-~~~~ B c /rr 

~ l~ F c
C_

~
t

is the bulk thermal equilibrium electron concentration ,

2 m j
. ~ p(x) = p(V(x)) = N T J ’ 

~ ~ ~
:
~~ +t+~(x) d.c

Al. Michael and Leonard, Solid—State Elect :onics ..iL~ 
71 (1971I~)

- 

&‘. 1. W . Anderson, Infrared Phys. ~~~~~, l14~ (1977)
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a. Energy level diagram of n—type MIS str ucture
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b. Potentia l variation through MIS structure . Note that V V + Q tyIE.
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C . Charge dIstribution through MIS structure

- ~ Figure A. Sign convention for potentials, energies, and charges in
analysis of semiconductor surface potential
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is the local hole concentration and

* C 2€
2 ~~ 

(1÷— ) (i+—)
n(x) ~ n(V (x)) = N ~~ J~ 1 -I- e~~

t_
~
(
~~ 

d.c

is the local electron concentration. Energies and potentials have been

normalized as:

cp s E~~/kT , normalized. energy gap

t ~ (E
F 

E )/kT , normalized Fermi level

V E qV(x)/kT , normalized potential

and the effective density of states fluictions are defined by:
* 3/2

— 
/2!Tm,~ kT\

- j N = 2 ~ h2 1
3 E kT\~~2

N 2 ( g j

In subsequent calculations , the heavy hole effective ma3s is t~ cen to be
= .5~ m in 1V~ and theKane kp interband matrix element is

p = 8.1g. x ~o
8 eV.cm in N for all HgOdTe a~1oy compositions.

In Figure A, x = 0 is chosen to be “far enough to the left” so that

H V(x = 0) = 0

:~ ,
~ and.

0 a t x = 0

Subject to these boundary conditions, a first integration of eqn. (Al) gives

I = H ~~ 
~~ 

- - n + x~~)dV ]~ - (A2 )

However , from Gauss’ law,
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~~~bulk)

dx x=s C s
* so that:

lv i  _ _ _  

Vs I
~~(buii~) = :

~ 
/2q c

~ [- 5
~ 

(
~ 

- 

~B n + 
~ &) d.V1 (A3)

and:

d Q ~~(bulk) 
_ _ _

d. V
5 

= 
Q
b
(b.
~
:Lk) (- p(V5) + 

~B ~ 
n(V5) 

- 

~B) 
‘ (All.)

Eqns. (A3) and. (Ali.) may be written as:

v 2 2 N Nj (bulk) = v5 
—~~q~/c IcT N 

[~ (I~1 - 12) + v 11- v5 ïç 13 
- 

~~~~~ 1
5]

(A5 )
and:

dQ~~(bu1k) q e  N
d V = 

~~(bulk) [-16 + + ~~~ (i~ - 1
3)]

so that the computational pr oblem is reduced. to evaluation of the seven
integrals:

i — ~‘ _ _ _ _ _ _ _
—

— 
~~

12 S
O l + e €*FcP~

f
~
t

(i + 
€ )*(1 +

= $ de
0 l + e
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(e
v t

+e) 
d€

16 =

l + e

de(
l + e

Integrals I~ and 12 are always negligible in the extrinsic n-type materials
of interest in this work. Integral I~ is determined by the defect doping
density

I - ~~~~~~~3 2 N

and is used to determine the Fermi level, t , when the bulk majority carrier
density is known. Since I can not be solved explicitly for t , a set of
curves of n /N~ vs t with cp as a parameter was calculated as shown in Figure B.
When the majority carrier density, nB, and energy gap, Eg~ are known, t is
readily obtained from Figure B for use in evaluating I~ through 17•

Evaluation of integrals I~ through 1
7 is Thrther simplified by the

following approximations:

L
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s for v8 > 5 -~P-t

‘4 ~ <( numerical integration for v8 <5-q’-t

~ constant for < -t -5

numerical integration for -t-5

‘IT 
-cp-t -v

for v8 > 5-(f-t

‘6 = 
numerical integration for v5< 5-cp-t

negligible for < -t-5

numerical integration for -t -5

I
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II. CALCULATION OF SUBFACE STATE CONTRIBUTION TO Q~(v 3) ~ND d~~ ’dV5.

• The relation of surface state energy and. occupancy to semiconductor

bulk energy levels is indicated in Figure C. Two types of surface states

are indicated , acceptor and. donor. An acceptor type surface state is charac-

terized by the two charge states , negative or neutral while a donor type

surface state is characterized, by the two charge states, positive or neutral.

It is assumed that donor type state distributions peak near the valence bai~d

edge while acceptor type state distributions peak near the conduction band

edge. At low teu~ eratures, all donor states above the surface Fermi level

are positively charged and all acceptor states below the surface Fermi level

J are negatively charged.

If the total surface state distribution is given by:

• N
53
(E8) = NssD~~s) + NSSA(ES) (A7)

where NSSD(Es) is 
the donor distribution and N5~~ (E5) is the acceptor distri-

bution then

~ N5~~(e + v8) ~ 
N5~r~

(e + v5)
= q kT d€ - $ ~ 

(AS)
-

~~~ l + e  ~ l + e

The normalized surface state energy has been referred. to the bulk energy

• •, 
reference level by:

F E + V = kT(c + v )

Note ~~ ~~~ ~~~~~~~ in Eq:. (AS) due to choice of ~~ as positive

charge on the gate electrode in Figure A.

V
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When the surface state density variation is negligible over an energy
interval ~E ~ kT or ~ € ~ 1, a considerable simplification of Eqn. (AS) is

• possible by using the completely degenerate approximtion:

• = q kT i$ NSSA(s + v5) d€ - J NSSD(e + v5) dc] (A9)

which also allows a simple expression for surface state contribution to
capacity:

dV3 
= q [N (EF + v3) + NSSD(EF + v5)] (Alo)

Equations (A9) and CAb ) were used for surface state analysis programs rather
than carry out the numerical integration required in Eqn. (A8).

In the course of this work, a number of trial analytic functions were
investigated. to describe the experimental surface state density distribution.
These included. discrete states or a 8-function distribution:

= N~~ o(E 5 
- EA)

= N D 8(E0 
- 

~~
) ‘

a uniform distribution:

S f o r O � E
• •• ,l A s g

N =ssA• 0 otherwise

S forO�E � - ED a g

saD 0 otherwise

a distribution linearly varying from a band edge :

E
6A~1+ t )  f o r O � E �

~~EA
N = 

A
0 otherwise ,
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0 otherwise,

A Gaussian distribution:

2

- SA ~~~~~ 
- 

~~~~~~~~~~ 
2

NS5D = 5D ~~ 

- 

( 
A~ 

D)

A Lorentzian distribution:

NSM = 

lB -E~~
2

I s  At
\~~~A /

NSSD 
= 

(Es; E
D)

2 

+ 1

and a root Lorentzian distribution:

N3~~ = 

5A 

2

I(E~~

; 
E) + ~.

N = 
_ _ _ _ _ _ _saD

The root Lorentzian distribution gave a beat fit to all of our experimental

data and the linearl y varying distribution was second best. The Gaussian,

~~
_ _ _ _ _ _ _  

- ~~~~~~~~~~~~~~~~~~~~~~~~ 
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p
Lorentzian, and 6 function distributions were consistently too sharply peaked

while the uniform distribution was consistently too broad. Note that for each

surface sta te type, the root Lorentzia n distribution has three adjustable

F parameters: peak surface state density , energy position of the peak and width

of the distribution. Adjustment of the resultant six parameters results in an

excellent fit of deduced surface stat e distributions to experimental data via

• the C-V charac teristic.

III . CALCULATION PROCEIXJRE

¶ AU calculations were performed on an HP 9810A calculator with an HP 9862

plotter accessory. Time consuming numerical integrations were minimized by

utilizing the approximations to integrals 14 through 17 
as the surface potential

was stepped through the depletion regime . The main prog ram flow chart is shown

in Figure D.

Coordinate entries required were ~~~ and ~~~ for the gate voltage and

(C/Co)m~~ 
= 1 and (C/ C0)

~~~ ~‘hich were chosen as appropriate to each device
modeled. The semiconductor bulk and device parameter entries required were:

J Eg 
- energy gap in eV at device opera ting temperature .

T - device operating temperature in °K.

nB 
- majority (electron) carrier concentration in cm 3.

€ - static dielectric ccnstant of HgCdTe (assumed to be 18 in the
alloy compositions studied here).

- static dielectric constan~ of insulator (ZriS).

t. - thickness of insulator in cm.

• 

• 
- heavy hole effective mass (%* 

~ .55).

- P - interband. matrix element. P = 8. 11 x lO~~ eV cm across the
HgCd.Te alloy system.

Since the ZnS film dielectric constant is not well established, is known to be
• temperature dependent, and the ZriS film thickness was not accurately known,

j device capacity was measured in strong inversion and then a consistent set of

values for ~ and. t. were chosen.
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I ENTER COORDINATES
AND DATA

CALCULAT E
•, N , N

C V

ENTER
• t , AE

ENTER SURFAC E
STATE DATA

[ SET

L v~~~ - c - l t I - 5

I EVALUATE INITIAL

• L 13 & (
5 VALVES

EVALUATE
I3~ 141 151 161 17

I BULK CONTRIBUT ION

I Q 0 A ND dQD/dV

SURFACE STATE
Q0 AND dQ0/dV

CALCULATE
v , c

PLOT AND
IN CRE MENT V

S
Fig. D. Flow chart for program

• to calculate C vs. V
with prescribed. surface

• state distribution if YES
~~~~ 

fr I + 5

• NO
100
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After the above data was entered in the program, cp = EIkT, NC(Eg~
P
~
T)

and Nv(%
*, T) were calculated. and the quantities cp and. nB/Nc displayed. From

Figure B, the appropriate value of t = (EF
_E
c)/kT 

was determined and entered.

in the calculation, along with Ae • The latter entry determined the step size

used in the numerical evaluation of integrals 13 through

• Next, the surface state data. was entered. The set of data to be entered

depended on the analytic approximation assumed for the surface state distribution.

However, in every case the experimental measurement gave significant guidance

to the initial parameter choice since the surface state contribution dominated

the device capacitance as the surface potential varied through the depletion

regime. In particular the minimum capacity was determined. by the minimum

• surface state density and the width (in gate voltage) of the C-V curve was de -

termined by the total number of surface states between conductio n and valence band

edges.

Since both Vg and C can be calculated from the surface potential (see

Eqns. (1) and. (2)), the calculation strategy was to start with a value of V5

in strong inversion (initial V5 
= -, - ~~ - 5 from Figure D) and. increment

v3 until strong accumulation was reached (v5 = t~ + 5). By starting in strong

• inversion, fixed. values of I3~ 
I~ and 17 

could be used until v5 increased to

near accumulation. The subroutine for appropriate evaluation or approximation

of the I’s is shown in Figure E. When numerical integration was required, a

simple Simpson ’s rule procedure was used.. It was found, by considerable program

testing, that a step size of M 0.1 or .05 gave satisfactory accuracy. Since

all integrands approach zero exponentially for large values of € (including

15)1 proper termination of the Simpson ’s rule summation was ignored. Satisfactory

upper limits for the various numerical integrations were:

~ 
6U.L . = 10 + ~tj for 13 

and I~ (v5 < - t - 5)

~ 
= 10 + t + v for I~ and 17 

(v5 > - t - 5)

~ 
6U.L. = 1 0 - t - c p - v5 for I4 and ]:6 (v5 < - ~~~~~t + 5 )

• 
~
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H 
SET

I 13 . . . 1 7 1 01

3
EVALUATE

• 13 1 15

• NEW v
IF RETUR I4

NO
V

j S

• 14 ( ) e~
’s 

YES
16 ~ ~ e~’s

EVALU16TE
14 1 16

IF
NO

v 5 < - t - 5

EVALUATE
15, 1 7 YES

Figure E. Subroutine for evaluation or approximation of integrals
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After calculating the bulk contribution to and dQ~/dV5, the
correspondi ng surface state contributions were calculated from Eqns (A9) and.

• (.iuo). For all analytic approximations used. for N5~~ (E5) and N D(Es),

analytic evaluation of the integrals in Eqn. (A9 ) was possible. (In the root

I~rentzian case, integration was terminated at the band. edges rather than ±~
to avoid. ~~

. logarithmic divergence.)

After a few trial and error calculations, a surface state distribution
can usually be found which gives a reasonable approximation to an experimental

• C-V curve. This, in turn, gives a good. approximation to the surface potential
as a function of gate voltage through Eqn. (1) since ~~(v5) is a relatively
insensitive function of V

S

Q
b

(surface) $ N55(e + v5) d.e

fro m Eqn . (A8) . From C vs V5, an accurate calculation of N
55
(V5) is possible

by subtracting the bulk contribution from dQ~/d.V5:

CCV )
qN55

(E~ ÷ v5 ) = C~V ) - 

dV (Au)
1 —  S

C
0

The empirical N55(E5) obtained. from Eqn. (All) may then be used. for a refined.
calculation of V5 vs. Vg and the entire process repeated. until satisfactory
convergence of calculated. vs. experimental C-V curves is obtained.
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